JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. We define convergence for a group of countries to mean that each country has identical long-run trends, either stochastic or deterministic, while common trends allow for proportionality of the stochastic elements. These definitions lead naturally to the use of cointegration techniques in testing. Using centurylong time series for 15 OECD economies, we reject convergence but find substantial evidence for common trends. Smaller samples of European countries also reject convergence but are driven by a lower number of common stochastic trends.
INTRODUCTION
One of the most striking featues of the neoclassical growth model is its implication for crosscountry convergence. In standard formulations of the infinite-horizon optimal growth problem, various turnpike theorems show that steady-state per capita output is independent of initial output levels. Further, differences in microeconomic parameters will generate stationary differences in per capita output and will not imply different growth rates. Consequently, when one observes differences in per capita output growth across countries, one must either assume that these countries have dramatically different microeconomic characteristics, such as different production functions or discount rates, or regard these discrepancies as transitory.
Launched primarily by the theoretical work of Romer (1986) and Lucas (1988) , much attention has been focused on the predictions of dynamic equilibrium models for long-term behaviour when various Arrow-Debreu assumptions are relaxed. Lucas and Romer have shown that divergence in long-term growth can be generated by social increasing returns to scale associated with both physical and human capital. An empirical literature exploring convergence has developed in parallel to the new growth theory. Prominent among these contributions is the work of Baumol (1986), DeLong (1988), Barro (1991) , and Mankiw et al. (1992) . This research has interpreted a finding of a negative cross-section correlation between initial income and growth rates as evidence in favour of convergence.
The use of cross-section results, however, suffer from several problems. First, it is possible for a set of countries which are diverging to exhibit the sort of negative correlation described by Baumol et al. so long as the marginal product of capital is diminishing. As shown by Bernard and Durlauf (1992) , a diminishing marginal product of capital means that short-run transitional dynamics and long-run, steady-state behaviour will be mixed up in cross-section regressions. Second, the cross-section procedures work with the null hypothesis that no countries are converging and the alternative hypothesis that all countries are, which leaves out a host of intermediate cases.
In this paper we propose a new definition and set of tests of the convergence hypothesis based on time series rather than cross-section methods. Our research differs from most previous empirical work in that we test convergence in an explicitly stochastic framework. If long-run technological progress contains a stochastic trend, or unit root, then convergence implies that the permanent components in output are the same across countries. The theory of cointegration provides a natural setting for testing cross-country relationships in permanent output movements.
Our analysis, which examines annual log real output per capita for 15 OECD economies from 1900 to 1987, leads to two basic conclusions about international output fluctuations.1 First, we find very little evidence of convergence across the economies. Per capita output deviations do not appear to disappear systematically over time. Second, we find that there is strong evidence of common stochastic elements in long-run economic fluctuations across countries. As a result, economic growth cannot be explained exclusively by idiosyncratic, country-specific factors. A relatively small set of common long-run factors interacts with individual country characteristics to determine growth rates.
Our work is related to studies by Campbell and Mankiw (1989) , Cogley (1990) , and Quah (1990) who have explored patterns of persistence in international output. Using quarterly post-1957 data, Campbell and Mankiw demonstrate that seven OECD economies exhibit both persistence and divergence in output. Cogley, examining nine OECD economies using a similar data set to the one here, concludes that persistence is substantial for many countries; yet at the same time he argues that common factors generating persistence imply that 'long run dynamics prevent output levels from diverging by too much'. Quah finds a lack of convergence for a wide range of countries on the basis of post-1950 data. Our analysis differs from this previous work in three respects. First, we directly formulate the relationship between cointegration, common factors, and convergence, which permits one to distinguish between common sources of growth and convergence. Second, we attempt to determine whether there are subgroups of converging countries and thereby move the beyond all-or-nothing approach of previous authors. Third, we employ different econometric techniques and data sets which seem especially appropriate for the analysis of long-term growth behaviour.
The plan of the paper is as follows. Section 2 provides definitions of convergence and common trends using a cointegration framework. Section 3 outlines the test statistics we use. Section 4 describes the data. Section 5 contains the empirical results. The evidence from the cross-country analysis argues against the notion of convergence for the whole sample. Alternatively, there do appear to be groups of countries with common stochastic elements.
CONVERGENCE IN STOCHASTIC ENVIRONMENTS
The organizing principles of our empirical work come from employing stochastic definitions for both long-term economic fluctuations and convergence. These definitions rely on the notions of unit roots and cointegration in time series. ' The countries are: Australia, Austria, Belgium, Canada, Denmark, Finland, France, Germany, Italy, Japan, the Netherlands, Norway, Sweden, the United Kingdom, and the United States. As noted in DeLong (1988) this group of ex-post winners will tend to bias the results in favour of convergence.
We model the individual output series as satisfying2 a(L)Yi,, = ,Ui+ Ei,
where a(L) has one root on the unit circle and Ei,t is a mean zero stationary process. This formulation allows for both linear deterministic and stochastic trends in output. The interactions of both types of trends across countries can be formulated into general definitions of convergence and common trends. One potential difficulty with the use of unit root tests to identify convergence is the presence of a transitional component in the aggregate output of various countries. Time series tests assume that the data are generated by an invariant measure, i.e. the sample moments of the data are interpretable as population moments for the underlying stochastic process. If the countries in our sample start at different initial conditions and are converging to, but are not yet at a steadystate output distribution, then the available data may be generated by a transitional law of motion rather than by an invariant stochastic process. Consequently, unit root tests may erroneously accept a no-convergence null. Simulations using data from a calibrated Solow growth model suggest that the size distortions are unlikely to be significant for the time span we consider (Bernard and Durlauf, 1992).
OUTPUT RELATIONSHIPS ACROSS COUNTRIES

Econometric Methodology
In order to test for convergence and common trends, we employ multivariate techniques developed by Phillips and Ouliaris (1988) and Johansen (1988) .
Let Yj, denote the output level of country i and Dyi, the deviation of output in country i from output in country 1, i.e. y,t, -y,,. Y, is defined as the n x 1 vector of the individual output levels, AY, as the first difference of Y,, DY, as the (n -1) x 1 vector of output deviations, Dyi,t, and ADY, the first differences of the deviations.
The starting point for the empirical work is the finding that the individual elements of the output vector are integrated of order one. It is then natural to write a multivariate Wold representation of output as
As shown by Engle and Granger (1987) , if the p output series are cointegrated in levels with r cointegrating vectors then C(1) is of rank p-r and there is a vector ARMA representation. A first test for the number of linearly independent stochastic trends has been developed by Phillips and Ouliaris (1988) who analyse the spectral density matrix at the zero frequency. A second test is due to Johansen (1988 Johansen ( , 1991 who estimates the rank of the cointegrating matrix. For a vector of output series, convergence and common trends impose different restrictions on the zero frequency of the spectral density matrix of AY,, f,y(0). Convergence requires that the persistent parts be equal; common trends require that the persistent comonenparts of individual output series be proportional. In a multivariate framework, proportionality and equality of the persistent parts corresponds to linear dependence, which is formalized as a condition on the rank of the zero-frequency spectral density matrix. From Engle and Granger (1987) , if the number of distinct stochastic trends in Y, is less than n, then fAy(0) is not of full rank. If all n countries are converging in per capita output, then fADY(O)i = Vi, or equivalently, the rank of fADA(O) is 0. On the other hand, if several output series have common persistent parts, the output deviations from a benchmark country must all have zero-valued persistent components.
Spectral-based procedures devised by Phillips and Ouliaris permit a test for complete convergence as well as the determination of the number of common trends for the 15 output series. The tests make use of the fact that the spectral density matrix of first differences at the zero frequency will be of rank q 6 n where q is the number of linearly independent stochastic trends in the data and n is the number of series in the sample. This reduction in rank is captured in the eigenvalues of the zero frequency of the spectral density matrix. If the zero frequency matrix is less than full rank, q < n then the number of positive eigenvalues will also be q < n. 
The particular Phillips-Ouliaris test we employ is a bounds test that
The trace statistic tests the null hypothesis that the rank of the cointegrating matrix is r against the alternative that the rank is p. The maximum eigenvalue statistic tests the null hypothesis that the rank is r against the alternative that the rank is r+ 1. Critical values for the asymptotic distributions of both statistics are tabulated in Osterwald-Lenum (1992).
DATA The data used in the empirical exercise are annual log real GDP per capita in 1980 PPP-adjusted dollars. The series runs from 1900 to 1987 for 15 industrialized countries with the GDP data drawn from Maddison (1989) and the population data from Maddison (1982). Population for
1980-87 comes from IFS yearbooks.
The population data as published in Maddison (1982) are not adjusted to conform to current national borders, while the GDP data are adjusted. Failure to account for border changes can lead to large one-time income per capita movements as population is gained or lost. For example, GDP per capita in the UK jumps in 1920 without a correction for the loss of the population of Ireland in that year. To avoid these discrete jumps we adjust the population to reflect moder borders.4 The GDP data set also has a few minor problems. The year-to-year movements during the two world wars for Belgium and during the First World War for Austria are constructed from GDP estimates of neighbouring countries.
EMPIRICAL RESULTS ON CONVERGENCE AND COMMON TRENDS
We first test for the presence of stochastic trends in each of the 15 output series. Table I  presents Table IV. 4This type of gain or loss affects Belgium, Canada, Denmark, France, Italy, Japan, and the UK at least once. If territory, and thus population, are lost by country X in year T,, we adjust earlier years by extrapolating backward from T, using the year-to-year population changes of country X. 5 The six European countries are Austria, Belgium, Denmark, France, Italy, and the Netherlands. Bernard (1991) finds cointegration for 10 of 15 possible country pairings for these six countries. No other group of countries showed substantial pairwise cointegration. If the upper bound is below the critical value, reject null of P or more distinct roots. If the lower bound is above the critical value, cannot reject null of at least P distinct roots. a Significant at 0. lOm/n, n is the number of countries, m is the number of roots = 0. b Significant at 5% of the sum of the roots.
We initially test the broad null of no convergence for all countries taken together. If we cannot reject that null, we then test for the number of common trends in output. For all country groups we perform the Phillips-Ouliaris bounds tests on the vector of first difference of output deviations, ADY,. For all 15 countries, the US output is subtracted off; for the two groups of European countries, France's output is subtracted off. If countries converge, then we would expect to find one distinct root in output levels and no roots in the deviations from a benchmark country. If idiosyncratic trends dominate for every country, then we would expect to find n distinct roots for n countries in the levels. If the number of significant roots lies between these extremes, this indicates the presence of common trends in international output. As an alternative measure of the number of common trends, we look at the cumulative percentage of the sum of the roots. If the first p < n largest roots contribute 95% or more of the sum, then we conclude that there are p important common stochastic trends for the block.6 Table II presents the Phillips-Ouliaris bounds tests for convergence and the cumulative sums of the eigenvalues for the groups mentioned above.7 If the lower bound on the largest root is greater than the critical level we cannot reject the no-convergence null. Additionally, if the largest root accounts for less than 95% of the total variance we conclude that there is more than one stochastic trend for the group. Table II presents two different tests for the number of common trends in each group. First, if the upper bound is less than the critical value for a given p, we can reject the null hypothesis that there are p or more distinct roots. If the lower bound is greater than the same critical value then we cannot reject the hypothesis that there are at least p distinct roots. We also look for the number of eigenvalues that account for 95% or more of the total variance.
The multivariate results from the Johansen trace and maximum eigenvalue statistics on convergence and cointegration are presented in Tables IV(a) and IV(b) for a lag length of 2. The lag length was chosen using the BIC criterion.8 The two statistics give different estimates of the cointegrating vectors; the maximum eigenvalue test is often not significant for any number of cointegrating vectors. Test results are presented for null hypotheses on number of common trends ranging from 1 to 15.
The evidence on convergence is quite striking. For all test statistics and in all three samples the convergence hypothesis fails. The direct convergence test in Table II cannot reject the noconvergence null for both critical levels as the largest eigenvalue is statistically different from zero for all three groupings. Additionally, both the trace and the maximum eigenvalue statistics reject convergence in every group in Table IV(a).
Having failed to find evidence for convergence, or a single long-run trend, we turn to the test for the number of common trends.9 The Phillips-Ouliaris statistics for the 15-country sample and critical value C1 (= m/n) reject the null hypothesis that there are seven or more distinct roots and cannot reject the null that there are at least four distinct roots. With the alternative critical value of 5% of the sum of the eigenvalues, C2, we again reject for seven or more distinct roots but now cannot reject for at least five. This leads us to posit that there is a large common stochastic component over the sample. The six largest roots account for 96.7% of the total, coinciding with the results from the test statistics. On the other hand, the largest root accounts for barely 50% and the largest two roots for about 75% of total variance, which argues against the existence of just a single common factor, as is required for convergence. The Johansen trace statistic rejects 12 or fewer cointegrating vectors at the 5% level and 13 or fewer at the 10% level for the entire fifteen-country sample. This implies that there are only two or three long-run shocking forces for the entire group. The maximum eigenvalue statistic does not reject for any number of trends.
Taking all 11 of the European countries as a group, we reject the null hypothesis that there are six or more trends and cannot reject that there are at least four trends with the C2 statistic and that there are at least three trends with the C1 statistic. The Johansen trace statistic rejects five or more trends, while the maximum eigenvalue test again cannot reject for any number of cointegrating vectors. These results suggest that there are on the order of four to five long-run processes driving output in the European countries.
Turning to the results for the six European countries, we reject the null that there are four or more distinct trends with both the C1 and C2 critical values and cannot reject the null that there are at least three, again with both values. 97.8% of the sum comes from the three largest eigenvalues. Using MLE statistics, the smaller six European country group rejects two or more trends with the trace statistic and five or more with the maximum eigenvalue test.
CONCLUSIONS
This paper attempts to answer empirically the question of whether there is convergence in output per capita across countries. We first construct a stochastic definition of convergence based on the theory of integrated time series. Time series for per capita output of different countries can fail to converge only if the persistent parts of the time series are distinct. Our analysis of the relationship among long-term output movements across countries reveals little evidence of convergence. All our hypothesis tests cannot reject the null hypothesis of no convergence. On the other hand, we find evidence that there is substantial cointegration across OECD economies. The number of integrated processes driving the 15 countries' output series appears to be on the order of 3 to 6. Our results therefore imply that there is a set of common long-run factors which jointly determines international output growth among these OECD economies.
The spirit of our analysis has much in common with work by Pesaran et al. (1993) and Lee et al. (1992) , who study multi-sector output persistence for the USA and UK, respectively. These papers derive methods to measure the long-run effects of a shock originating in one sector on all sectors in the economy. While the focus of that research has been on measuring persistence rather than convergence, a useful extension of the current paper would be the application of the multivariate persistence measures to international data to both provide additional tests of convergence as well as to provide a framework for measuring the sources of growth.
